Abstract Fungal keratitis is a challenging problem worldwide, and many obstacles remain to the effective prevention, diagnosis, and therapy of this vision-threatening condition. Recent research has highlighted progress in each of these facets of the clinical approach to keratomycosis. Increased awareness of contact lens-associated fungal keratitis has prompted regulators to pay greater attention to testing of contact lens solutions under realworld conditions. Related research has also delved into the mechanisms of fungal biofilm formation and related therapeutic targets. Advances in polymerase chain reaction methodologies promise to increase the rapidity and accuracy of diagnosis, thereby decreasing the delay in instituting appropriate therapy. Antifungal pharmacologic agents remain the first line of therapy, with the newer azole antifungal voriconazole being utilized in innovative ways, such as via intrastromal injection. Large prospective studies such as the Mycotic Ulcer Treatment Trial have helped delineate optimal treatment algorithms, and variations in surgical techniques and postoperative regimens continue to be refined. Natamycin may still be more effective than other recently utilized antifungals for the treatment of Fusarium infections, but treatment failure is still a concern. Post-keratoplasty immunosuppression may benefit from the use of topical calcineurin inhibitors such as cyclosporine and tacrolimus, given their intrinsic antifungal properties. It can be argued that the prevention, diagnosis, and treatment of fungal keratitis lag behind the state of the art for bacterial keratitis, but dramatic improvements are undoubtedly on the horizon.
Introduction
Fungal keratitis (FK), or keratomycosis, is an infectious process of the cornea which is a significant cause of visual impairment and utilization of health care resources in the industrialized world as well as in developing countries. It often represents a diagnostic and therapeutic challenge, leading to delay in initiation of appropriate anti-fungal treatment; failure of medical therapy is not uncommon, requiring therapeutic keratoplasty in some cases. A recent study shows that cornea specialists were only able to differentiate between bacterial and fungal etiologic agents based on visual appearance 66 % of the time (p \ 0.001) [1] , and the appropriate medical and surgical therapy continues to be the subject of research and debate.
Fungal keratitis also proves to be an economic burden on society. A recent Thai study segregated the cost of treating different forms of infectious keratitis by expense of drug, surgery, service, laboratory, and room with FK accruing the greatest expense by far (p B 0.001). A similar relative expense has been found in studies from South India and Australia [2] [3] [4] . These studies, which highlight the economic effects of fungal mycoses, do not include the economic effects of visual disability, likely underestimating the true costs of this condition.
FK. A 2012 article provides a good summation, finding 144 species of fungi from 92 genera as a cause of keratitis. These numbers are compared to the much fewer 42 different genera of bacteria, 4 genera of protozoa, and 4 types of viruses that were documented as causative agents of infectious keratitis. Still, the causative agent in the majority of FK cases comes from only a few genera; namely Fusarium, Aspergillus, and Candida [5] . In Bangkok Thailand, Shandong China, and South India, Fusarium has been reported to be the most prevalent [6] [7] [8] . In the United States Fusarium, Aspergillus, and Candida have been reported as the most common agents in Miami, Minneapolis and Philadelphia, respectively [9] .
Re-classification: A ''New'' Fungus Microsporidia have been described as a protozoan capable of causing keratoconjunctivitis; however, recent evidence suggests that it should be reclassified as a fungus [10] . Though classically found in immunocompromised individuals, it can be pathogenic in immunocompetent patients as well [11 • ].
The organism can penetrate into the cornea resulting in a stromal keratitis. A recent summation documents an indolent course, with a mean duration of 332 days from initial onset of symptoms. Often proving to be a diagnostic challenge, 55 % of the compiled patients were initially diagnosed with herpes simplex stromal keratitis. Trauma was reported as the most common predisposing factor, but no specific event was identified in over half. The definitive diagnosis came from microscopic examination of corneal scrapings with 10 % KOH or calcofluor white under fluorescent light. There was no defined successful medical treatment, though a combination of topical antiparasitic agents such as polyhexamethylene guanidine (PHMB) and chlorhexidine with or without oral albendazole or itraconazole was attempted. Anti-retroviral therapy is suggested in those infected with HIV, and one patient in whom a lamellar keratoplasty was attempted developed a recurrence and subsequent need for penetrating keratoplasty [10, 11 • , 12] .
New Highlights in Pathophysiology

Host Factors
Cytokines and Innate Immunity
There is an intricate cytokine signaling cascade ultimately leading to activation of Dectin-1 and toll-like receptor 4 (TLR4) in neutrophils that appears to be key to the host response, and therefore the severe corneal inflammatory response that leads to opacification [13] . A study among a Han Chinese population of patients with FK compared controls found a particular TLR4 allele that was associated with an increased risk of developing FK [14] .
Contact Lens-Associated Fungal Keratitis
In the mid 2000s, there was an outbreak of Fusariumrelated cases of FK associated with ReNu with MoistureLoc, which has subsequently been removed from the US market [15] . Recent studies point toward the storage of the anti-microbial agent alexidine in its plastic containers at higher than room temperatures (42 vs. 56°C) as the reason for decreased effectiveness [16] . A recent comment from the same author further states that this temperature difference in the plastic containers led to decreased concentration of the agent in solution (2.8 times less) and a corresponding higher concentration in the walls of its plastic containers (3.1 times higher) [ 
Due to this event, there has been further study into the fungicidal activity of cleaning and storage solutions. One study reveals that the lens type and its soaking time significantly influences the fungicidal activity of PHMB in multi-purpose cleaning solutions. There is an increased focus on appropriate testing of the efficacy of contact lens cleaning solutions, specifically related to preventing fungal contamination [18] .
As one would expect, the behavior of lens wearers themselves confounds the efficacy of cleaning solutions. In a recent study, only 11 out of 52 patients were fully compliant with uncontaminated lens cases. Male gender, longer lens case use and swimming in a pool while wearing lenses were positive predictors for contamination, while regular lens solution replacement was a negative predictor [19] .
Fungal Physiology and Pathogenicity
In a recent study on fungal biofilm formation, F. solani formed a biofilm in vitro by 24 h while other species formed at 48 h. There was a clear increase in the minimum inhibitory concentration (MIC) of all antifungal agents tested (amphotericin B, voriconazole, itraconazole, fluconazole, terbinafine, and natamycin) for all three studied fungi as their biofilms developed; specifically for fusarium the MIC doubled at 24 h and again at 48 [20 • ]. This highlights a possible mechanism of pathogenesis of infection, but also suggests that an ability to disrupt the biofilm may prove useful in increasing antibiotic efficacy.
Update on Diagnostic Tools
A cohort of cornea specialists from the United States and India were asked to differentiate between fungal and bacterial keratitis. As a group, they were only able to distinguish between bacterial and fungal etiologies 66 % of the time, and in the 39 fungal cases, the clinicians predicted genus in only 27 % of cases and species in an even fewer 8 %. The data from this study in conjunction with the aggressive and recalcitrant nature of fungal infections highlight the need for accurate and rapid diagnostic tests. Table 1 summarizes the reported specificity and sensitivity of the diagnostic modalities described recently.
Stains
Methylthioninium chloride (MC) was compared to a 10 % KOH smear in detecting culture-positive fungal elements. In this study, MC displayed superiority of sensitivity at 70.69 % and specificity at 34.61 % [21] .
Culture
A recently published article affirms the benefit of utilizing various media when trying to isolate the organism in suspected FK. Though recent reports alluded to the ability of blood agar (BA) as a universal media, FK grew only 78.9 % of the time on BA, requiring Sabourad's agar (SBA) to reach 100 % sensitivity for culture-positive organisms (comparison in Table 1 ) [22] .
There has also been a recent evaluation of solid and liquid culture media. A comparison of brain heart infusion broth, thioglycolate broth, and Robertson's cooked meat broth was performed, comparing them to three solid media (BA, SBA, and chocolate). In this cohort, 61 out of 62 cases of culture-positive FK were diagnosed with solid media alone. However, upon determining which of the solid media types yielded the most sensitive results, the yield of BA was higher than SBA. These articles suggest a complementary role of the various culture media, with variation in results presumably based on the organisms and protocols being utilized.
Confocal Microscopy
Confocal microscopy is a rapid, noninvasive in vivo testing modality. A recent case series of 6 patients with positive fungal smear or culture were evaluated using the Heidelberg Retina Tomograph II-Rostock Cornea Module (HRT II-RCM). They were able to detect the fungal agent in all 6 cases and monitor the morphological change as treatment progressed [23] . A more recent review article does point out drawbacks of the current technology; two specific limitations include expense of the technology, as well as a small field of view for examination: a 400 9 400 um field for the aforementioned scanner [24] .
Polymerase Chain Reaction (PCR)
PCR has been compared to the conventional diagnostic modalities of smear and culture in recent studies, displaying greater sensitivity (comparison in Table 1 ) and rapid results [25, 26] .
Previous PCR techniques were unable to distinguish between filamentous and yeast species and required complex steps for amplification [27] [28] [29] . Real-time Taqman PCR is able to better characterize the fungal species, but is expensive, due in part to the requirement for a unique probe to search for a single fungal type per reaction [30] .
The High Resolution Melting (HRM) PCR analysis technique utilizes only two different forward primers, CandUn and FilamUn, with one reverse primer FungUn. This technique tested negative for all the samples that were suspected of having an infectious agent other that fungi, detected all the culture-positive fungi, and also discovered 7 out of 10 suspected fungal but culture-negative samples, only 4 of which were detected by direct microscopic examination. This technique was able to detect and differentiate between yeast and filamentous fungi at 0.1 colony forming units/ul and in less than 2.30 h after DNA extraction from the sample. HRM PCR with these primers is able to distinguish filamentous from yeast fungi, as well as between 7 different strains of yeast [31] . a See Refs. [21] , [31] , [33] b See Ref. [22] c See Ref. [72] d See Ref. [26] e See Ref. [25] Curr
In the dot hybridization assay, the process as reported involves obtaining a corneal scraping sample, isolating the specimen DNA, amplifying the product using PCR techniques, then visually inspecting the reaction between the product and predefined substrates [32] . In comparison to culture, the technique displayed greater sensitivity (100 vs. 50 % respectively). Specificity was 96.7 % with the dot hybridization assay versus 100 % with routine culture as the gold standard in a small study [33] .
Clinical Outcomes
More advanced age, worse visual acuity at presentation, larger infiltrate, and pigmentation of the ulcer are statistically significant variables that were associated with poorer final visual acuity in FK. Time to re-epithelialization was extended with a larger initial infiltrate, old age, and female gender [34] . Our group observed delayed time to resolution in patients who reported smoking tobacco [35] . Of particular importance, larger infiltrate size significantly increases the risk to perforation [36] .
In a comparison of bacterial and FKs, data revealed a larger residual infiltrate size from fungal causes at 3 months, a slower time to re-epithelialize (median difference *7.5 days), and a greater risk of perforation in FK. Also, there was a trend for worse visual acuity from fungal etiologic causes, but no statistically significant difference [37] .
It has also been found that corneal sensation may be decreased after fungal infection, supported by in vivo confocal microscopy showing decreased corneal nerve length as well as nerve counts [38] .
A relatively common clinical concern, but uncommon occurance, is the progression from keratitis from any etiologic agent to endophthalmitis. In a large study with over 9,900 eyes with keratitis, only 49 progressed to cultureproven endophthalmitis (0.5 %). However, fungus was the most common agent in the endophthalmitis cases. Risk factors to progression were topical steroid use (76 %), previous surgery (61 %), corneal perforation (35 %), dry eye (31 %), relative immune compromise (20 %), organic matter trauma (18 %), and contact lens wear (6 %). Once this progression occurs, outcomes were poor with 31 % resulting in enucleation or evisceration [39] .
Therapeutic Alternatives
Topical Anti-fungal Therapy With the knowledge that the organisms responsible for infectious keratitis are diverse and unpredictably sensitive to the available antifungal agents, there is an apparent need for data to guide therapeutic options in any individual as well as on a societal scale. Several studies have addressed the question of voriconazole as an emerging drug of choice [40, 41] . A head to head comparison was analyzed in the MUTT study, randomizing 323 patients with smear-positive filamentous fungal ulcers to treatment with topical 1 % voriconazole (VCN) v. 5 % natamycin (NMN) hourly [ 
The first outcome measure addressed was best spectacle corrected visual acuity (BSCVA). Despite expert belief that there would be no difference between treatment with VCN or NMN with even a slight skew toward favoring VCN [43] , NMN treated eyes read 1.1 lines better than VCN at 3 weeks and 1.8 lines better at 3 months. Further subgroup analysis of Fusarium v. non-fusarium causes revealed that in fusarium cases, eyes treated with NMN saw 4.1 lines better than VCN-treated eyes (p \ 0.001). There was no difference in BSCVA between the two treatment arms in the non-fusarium cases. A similar pattern of NMN-treated eyes fairing better in terms of residual scar size is noted, again seemingly due to fusarium cases. As for the need for therapeutic penetrating keratoplasty (TPK), it was again the fusarium cases that showed a decreased odds ratio to perforation and need of TPK when treated with NMN.
The fungal isolates from MUTT were then tested in vitro; in comparison to other filmentous species, fusarium reveals higher MICs to voriconazole [44 • ]. However, the population that was studied were from a region in Southern India with susceptibility patterns that may not extrapolate to other patient populations. Data on MIC may be important, as another study also reported that higher MIC to natamycin was associated with an increased risk of perforation [45] . At this time, the extended time to obtain sensitivity assays remains a barrier to clinical utilization.
New Topical Anti-fungal Preparations
In some developing countries, the typical anti-fungals are unavailable due to cost and instability. Topical Clotrimazole-b-cyclodextrin (CBC) was compared to amphotericin B (ampB). There was on average 1 week shorter duration of treatment in the CBC-treated eyes. The authors also reported greater efficacy in cases due to Candida sp., while there was no significant difference when a filamentous fungus was the causative agent. However, it is noted that this study was performed in comparison to retrospective data in the ampB arm [46] .
A novel liposomal preparation of fluconazole for topical application demonstrated efficacy in rabbit models [47] and a recent study of 11 patients with proven Candida keratitis [48] . Some level of improvement was noted, but with the small study size and lack of control or comparison arms it is difficult to gauge its place in the therapeutic armamentarium.
Intrastromal/Intracameral Anti-fungal Treatment
Multiple case reports and small series have examined the role of intrastromal delivery of antifungal therapies. A rabbit model was used to evaluate the pharmacodynamics and toxicity of intrastromal injection of ampB. The mean concentrations found in the cornea after 10 ug were injected showed a peak at 129.96 mg/g at 30 min, then steadily declining to a level of 52.74 mg/g after 7 days. However, aqueous humor drug concentration was much lower initially and displayed a much more precipitous drop after only 1 day from 253.3 to 30.2 ng/ml. Corneal toxicities from the drug itself did not appear until the drug dosage was increased to 20 ug [49] .
The use of intrastromal voriconazole was reported in a series of patients (n = 3) who were not responding to topical therapies [50] . However, in a separate study of persistent cases of FK that were not responding to NMN, VCN was added to the regimen in either the topical or intrastromal form, and healing times revealed no statistical difference [51] .
In another small series (n = 5), a combination of intracameral and topical VCN was utilized in eyes presenting with FK with endothelial exudates. The authors proceeded with intracameral VCN as the loading dose and topical VCN as the maintenance dose, as the pharmacodynamics of intracameral VCN demonstrate a half-life of only 22 min after injection [52] . The authors attained resolution of infection with a mean healing time of 5.8 weeks in all 5 eyes without recurrence at 3 months. However, residual scarring dependent upon central corneal involvement left highly variable BSCVA from 20/40 to count fingers. Though the authors allude to use of intracameral amphotericin B in the literature as causing side effects of anterior chamber inflammation, pain, and cataracts, their use of VCN for injection demonstrated no adverse effects [53] .
Surgical Management
Surgical therapies are typically reserved for corneal infections unresponsive to medical therapy, or in cases of impending or confirmed perforation. In a retrospective review from Iowa, 44 % of individuals with FK had persistent disease that required TKP, and of these 47 % had a failed graft at 15 months. Smaller graft sizes were more likely to remain clear [54] . Further studying the effects of graft size, another group found a higher incidence of epithelial, stromal, or endothelial rejection and secondary glaucoma when the grafts were larger than 8 mm [55] , consistent with previous studies.
Immunosuppression may decrease the risk of rejection after TPK, but corticosteroids are avoided by many surgeons due to possible persistent fungal elements and the risk of recurrent infection. A recent study revealed a vital role of calcineurin in the virulence of Candida sp. [56] This makes the calcineurin inhibitor and immunomodulator Tacrolimus potentially effective at providing some antifungal activity while delivering the desired immunosuppression. This also supports the rationale for utilizing topical cyclosporine, another calcineurin inhibitor, as prophylaxis of transplant rejection in cases of therapeutic keratoplasty.
Also of concern to corneal surgeons, donor tissue can be contaminated with fungi. From 2007 to 2010, there were 31 reported cases of post-operative FK out of 221,664 transplants. The only culture-positive fungal organisms were Candida sp. Donor characteristics demonstrated that 32 % were diabetic, 35 % were hospitalized prior to death, and 29 % were on respirator support. A notable data point was that out of the 31 cases, 22 of the fellow donor eyes were cultured; 16 were contaminated with the same species of Candida. 15 of those corneas were transplanted; 10 resulted in FK or endophthalmitis. This highlights the utility of performing fungal cultures on donor tissue, and also the need for rapid reporting of adverse events to the eye bank.
Because of the low and relatively stable incidence, the authors recommended continued monitoring without adding supplemental anti-fungal agents to corneal storage media [57 •• ] . Future studies would be required to confirm the safety and efficacy of any proposed antifungal prophylaxis for donor tissue.
As an alternative to penetrating keratoplasty, 10 patients were treated with debriding keratectomy with autologous conjunctival graft; the subjects' visual acuities at 3 months all improved from their nadir. The surgical management was guided by evaluation of corneas by anterior segment OCT displaying ulcer depths that were 1/3-1/2 total corneal thickness, infiltrate extending no more than 80 um further, and basal diameter of 3-6 mm [58] .
Another question that has been addressed in recent literature pertains to timing of surgical intervention. A case series from Chang Gung Memorial compared medical treatment versus early (within 1 week) superficial keratectomy of maximum depth of 1/2 to 2/3 of the total corneal thickness. The authors reported comparable baseline severity of keratitis in both groups, but did note a statistically significant worse VA in the patients who received medical treatment only. In the early keratectomy group, they found a decrease in hospital stay by a mean of 20.5 days, a decrease in disease duration by a mean of 25.5 days, a decrease in the hospital cost from decreased ward and adjuvant procedural fees by median 29,884.1 new Taiwanese dollars (986.18 USD by current conversion), and improved VA in early superficial keratectomy versus medical management (all p \ 0.001). It should also be noted that in their keratectomy group there was never a need for amniotic membrane or patch graft, nor did they have problems with subsequent glaucoma or recurrence [59] .
Experimental
Due to the challenging nature of this form of keratitis, and less than ideal outcomes with current treatment in many cases, various experimental therapies are being investigated.
Corneal collagen cross-linking (CXL) in conjunction with photo-activated riboflavin (PAR) biomechanically stabilizes the cornea in the setting of ectastia from keratoconus or as a complication of post-operative refractive laser surgery [60] . As enzymatic degradation of corneal integrity occurs in infectious keratitis, CXL with PAR has been investigated in refractory cases (bacterial, acnathamoebal, as well as fungal) [61] [62] [63] . In an in vitro study on CXL/PAR treatment of C. albicans and F. solani, phenotypic changes were noted on growth plates for both fungal agents, but no difference was noted by cell counter analysis of morphology between untreated fungal elements and those treated [64 • ]. While the preliminary human studies involve small numbers, the efficacy for amoebic and FKs does not appear to be dramatic. Notably, caution is also needed as the UV exposure may lead to reactivation of latent herpes virus infection [65] .
Investigations into the use of nanoparticle technology with terbinafine and silver have shown promise [66, 67] . There has been an attempt to develop an antimicrobial contact lens incorporating melimine into the lens substance [68] . Lactoferricin B and short imidazolium chains have shown anti-biofilm properties and have been studied as a possible component to add to contact lens cleaning solution or as an adjunct to help increase the susceptibility of fungi to anti-fungal agents [69, 70] . Even topical aqueous garlic extract has been used in in vivo rabbit models infected with A. flavus [71] .
Conclusion
Fungal Keratitis has proven to be a continually challenging ocular disease for patients, providers, and society. The most common etiologic agents have been identified, but making the diagnosis clinically has proven to be inconsistent. Once a fungal etiology is suspected; traditional techniques of identification may not be sensitive or rapid enough for optimal outcomes. Recent advances in techniques such as in vivo confocal microscopy and the evolution of PCR promise to increase the speed and accuracy of diagnosis. A common weakness of microscopic stains and even confocal microscopy is the subjective nature of the interpretation of the results, which may explain some of the variability of results between various authors. Within this context, molecular techniques that are more objective and reproducible may avoid the variation inherent in interpretation of the other diagnostic modalities. The remaining obstacles include standardization of methodologies, meeting regulatory requirements, and access at a cost that is appropriate for the benefit provided.
A greater understanding of the pathophysiologic mechanisms highlight new areas where therapeutics may be directed from both the host and fungal standpoints. Understanding the epidemiology as well as the pathophysiology of contact-lens-associated FK is an example of this merging of disparate knowledge pools, resulting in a concrete change in policy and a tangible impact on disease burden.
Landmark studies such as MUTT have published data that are contradictory to previous expert opinions regarding topical medical treatment, and the treatment continues to evolve. Topical Natamycin may still be the empiric agent of choice for filamentous organisms, but better predictors of antibiotic sensitivity, newer antifungal agents, and novel drug delivery strategies will likely continue to decrease the likelihood of medical treatment failure. 
